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Po3spobrena mamemamuina mooens ma npu-
Kaona npozpama 0ns MOOeNI06AHHA BUHUK-
HEHHsL pe2eHePamueHUx KoIU8aHs NPu movin-
#i y 3D npocmopi. Ilpoepama npuznavena ons
UYLNECNPAMOBAH020 NOWYKY HAUKPAUWUX napa-
Mempis apMOHIUHO20 3AKOHY 3MIHU Hacmomu
obepmanns wnunoeas npu NPozpamyeanti Ha
MOKAPHOMY 8epcmami 3 UUCTOBUM NPOZPAM-
Hum ynpasuinuam. Excnepumenmanvno nepe-
8ipeno epexmusHicmsb cmeopenoi npozpamu

Knrouosi cnosa: mamemamuuna mooens
npouecy mouinns, pezeHepamueHi KOJIUBAHHS,
YNPAasHinia WeUOKICIIO 00epmants WnuHoens

[, ]

Paspabomana mamemamuueckas mooenv u
NPUKIAOHAS NPOPAMMA 0N MOOETUPOBAHUSL
603HUKHOGEHUS Pe2eHePaAMmUEHbIX KoJledanul
npu mouenuu 8 3D npocmpancmee. IIpozpamma
npeoHaznavena 015 ueleHanpasieHHo20 nouc-
KA HAUYHWMUX NAPAMempos 2apMOHUMECK020
3AKOHA U3MEHEHUSL MACMOMbL 6PAULCHUS WNUH-
desist Mpu NPoZPAMMUpPOBaAHUU HA MOKAPHOM
cmankKe ¢ MUCT08bIM NPOZPAMMHBIM Ynpaeie-
Huem. JKCnepumMeHmantsHo nposepena s dex-
MUBHOCMb CO30AHHOU NPOZPAMMbL

Knrouesvie cnosa: mamemamuveckas mo-
denv mpouecca moueHus, pezeHepamueHvle
Konebanus, ynpasienue ckKopocmvio epaue-
Hus wnunoens

u] =,

1. Introduction

Any process of cutting is carried out in the elastic tech-
nological machining system (TMS) and it is quasi-stationary,
which determines its tendency to fluctuate. The presence of
natural feedback from the process in combination with the
machining «by chatter marks» gives rise to the so-called
regenerative oscillations. The existence of these oscillations
exerts negative effect on the quality of cutting process and
may even lead to the loss of its stability. Suppression of re-
generative oscillations was traditionally carried out by two
techniques: by an increase in hardness and an increase in
damping of elastic system or by reduction in the regime of
cutting. These methods, however, were not characterized
by proper effectiveness. The first one required the use of
special mechanisms and rather labor-intensive procedure
for their regulation. The second one led to the reduction in
the machining efficiency. New possibilities for solving this
issue appeared only in the contemporary machine tools with
computer numerical control (CNC), equipped with drives for
stepless regulation of the spindle frequency. The availability
of such regulation made it possible to add machining with
the variable cutting speed to the methods for suppressing
the regenerative oscillations. Such an operating mode of
machine tool in the turning operation is achieved due to a
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special change in the spindle speed of main motion engine.
In contemporary turning machining centers with CNC,
this regime is programmed by the option «Spindle Speed
Variation» (SSV). Nevertheless, specific recommendations
regarding the selection of parameters for such control are
lacking [1]. Therefore, the task to provide for effectiveness in
the application of the SSV option for suppressing the regen-
erative oscillations during turning is a relevant one.

2. Literature review and problem statement

The SSV control implies a change in the spindle speed ac-
cording to the harmonic law. It is obvious that the amplitude
of change and the period must depend on the characteristics
of the cutting process and the TMS parameters. Thus, there
is a need to create adequate mathematical model for the cut-
ting process during turning.

A cutting process during turning is predominantly de-
scribed by the single-mass dynamic models. In this case, they
examine the motion along one coordinate only — normal to
the processed surface. Thus, one of the first studies [2] on
this issue present results of modeling the machining with a
variable speed of the spindle by the method of approximate
analytical solutions for the TMS motion equations in a rather




narrow, specially selected, range of change in the parameters of
machining. Results of this study are of qualitative nature and,
first of all, demonstrate the prospects for applying such a mode
of machining. Article [3], based on the model for cutting pro-
cess with regard to the delayed argument, proposes to employ
a heuristic criterion for selecting the frequency of change in
speed taking into account a minimum of power consumption
for the process of cutting. Directions of further studies [4, 5]
are related to determining the optimum relationships between
the amplitude and frequency of SSV. However, these studies
give only certain recommendations, based on the dynamic
phenomena of the drive and thermal limitations of the main
motion engine. Furthermore, all the papers point to com-
plexity in the creation of universal strategy for selecting the
optimum combination of the SSV amplitude and frequency.

A new direction that should be noted separately for
the elimination of vibrations at cutting, which implies the
suppression of TMS oscillations with the aid of closed servo
systems with feedback through the vibration sensors [6, 7].
This method implies a periodic action on the cutting process
in the reversed phase with disturbing oscillations. It is clear
that the quality of such control depends both on the perfor-
mance speed of control servo systems and on the adequacy of
mathematical model for the cutting process.

Among the reasons that lead to the occurrence of self-os-
cillations, the three most significant are as follows: the non-
linearity of dependence between the cutting force and the
displacement of mechanical system [8], delay of the cutting
force in comparison with the cutting depth (time constant
of chip formation) [9] or the existence of connection that is
caused by machining «by chatter marks» [10, 11]. An anal-
ysis of the known studies reveals that, when constructing
mathematical models that describe dynamic phenomena
during cutting, the complete totality of these factors is not
considered. Consequently, the problem that remains vital is
the construction of adequate model, which would represent
the cutting process with regenerative oscillations and would
make it possible to conduct the search for the most ratio-
nal (or optimal) parameters in the SSV control.

3. The aim and tasks of the study

The aim of present study is to develop a mathematical
model for the turning process taking into account oscillations
in a 3D space, which will be applicable to determine param-
eters (amplitude and period) of the spindle speed variable.

To achieve the set aim, the following tasks are to be solved:

— to create a structural scheme for the turning process in
a 3-D space taking into account the machining «by chatter
marks»> with the aid of delayed arguments;

— to create an applied program for the simulation of the
cutting process with the reproduction of regenerative oscil-
lations;

— conduct experimental studies of the turning machining
with the SSV control according to the specified parameters.

4. Methods and results of examining the turning process
with a variable speed of the spindle

4. 1. Mathematical model
The existence of adequate mathematical model for the
cutting process will make it possible to conduct a study on

the impact of SSV parameters on the stability of this process.
In this case, there occurs a possibility to select such values of
the SSV parameters, which will ensure the required dynamic
characteristics and subsequently to purposefully influence
dynamics of the shape-forming process.

In order to compile a model, we shall use a dynamic
scheme, in which elastic TMS is represented in the form of
a single-mass system (reduced mass M) with three degrees of
mobility along the Z, Y and X coordinates. Mass has elastic
and damping links with the basis. These connections are
characterized by rigidity Cz, Cy and Cy, as well as by viscous
friction (frictional force is proportional to velocity) with the
proportionality coefficients Az, Ay and Ax (Fig. 1, a).

In order to construct a mathematical model, it is conve-
nient to use a structural scheme of the process that shows all
the most important feedbacks. If we accept as input magni-
tudes parameters of the cutting process: assigned depth Hy,
feed per revolution (So)4 and cutting velocity Vg, and as the
output magnitudes — constituents Py, Py and P, of the cut-
ting force, then the cutting process can be represented by the
schematic, shown in Fig. 1, b.

CUTTING

PROCESS

Fig. 1. Model of the turning process: a — dynamic scheme;
b — structural scheme; s — the Laplace operator; T — period
of one spindle revolution of the machine tool

Equivalent elastic system (EES) is represented by the
blocks, which reflect its reaction to the action of the cutting
force components along coordinate axes. That is why the
EES reaction in the form of elastic deformation is also rep-
resented along the coordinate axes by components 87, dy and
dx, respectively.

The rate of change in the component 8y of the EES, de-
formation is directed along the X axis and therefore it influ-
ences actual feed (So), and, taking into account machining
by chatter marks, this influence is represented by equation:



(S0), =(50) = 2= (1-¢ ), (1)

Similarly, the rate of change in the component 8y of defor-
mation EES, affects the actual cutting speed:

B ds,
dt

Vi=V, 2

Deformation EESy exorts direct impact on the actual
cutting depth Hj, and the influence of deformation EES,
can be determined based on the geometric relationships for
shaping a cylindrical surface [11]. Ultimately, with regard
to machining «by chatter marks», we have the following
relation equation:

H, =Hd—(8y+‘/R2+63 —R)-(1—e’“), 3)

where R=D/2 is the radius of the part.

The cutting process can be represented with the help of
dependences known from the theory of cutting:

P, =C,,H;" (So)" (V), k, (4)
where Cp,, k are the empirical coefficients, xp,, ¥y, n are the
exponents.

The dynamic characteristic of the cutting process, which
in the first approximation is determined by the delay of
cutting force P from the change in thickness of the cut-off
allowance layer [9, 11], is expressed with the help of the
chip formation time constant. By using known relationship
P4=0.6-P, and geometric arrangement of the cutting force
components [10], we obtain the following dependences for
calculating components Py and Py of the cutting force:

PZ
P=|—r 5
Yo\ 1+tan®(@+m) ©)

P =P, -tan(o+m), (6)

where @ is the main angle in the cutter’s plane, 1 is the chip
exit angle (=35°).

The motion of a single-mass system along each coordi-
nate is described by three differential equations, each of the
second order:

[d2%5, ds,

de? M+7“X dt +CX8x:Px’

d28~"M+}L dSy+C 6. =P 7)
de? Vide VY (
d?s, ds,

dtz‘M+XZ € +C,0,=P.

Mathematical model of the cutting process in a closed
elastic TMS, compiled by dependences (1)—(7), fully matches
the functional scheme in Fig. 1, b.

4. 2. Modeling of the turning process

Taking into account that the above-described mathe-
matical model is nonlinear and, with regard to the time con-
stant of chip formation, has seventh order, modeling can be

realized only by numerical methods on computer. For the
convenience of using known numerical methods of inte-
grating the differential nonlinear equations (for example,
Runge-Kutta method of fourth order), it is necessary
to represent system (7) with the help of state variables.
Let us adopt the following state variables of dynamic
model:

X, =0y, X, =58y, X;=98y, X,=50y, X;=0,, X;=50,,

where s=d/dt.

Then system (7) can be represented in the matrix form,
which is the most acceptable for employing numerical
methods:

x| [0 1t 0 0 0 oflx]]0o 0 o
X, la, a, 0 0 0 Of|x,] [b, 0 0 P

% 10 0 0 1 0 Of|xs] [0 0 0|
= SES 1P|, (8)
X/ [0 0 a; a, 0 Of|x,] [0 b, Of]"°
/oo 0o 0 o0 t|x o o ofl™

X [0 0 0 0 a; ag|xs] [0 0 b,

where a1 = —Cx/M, ag= —7\,)(/M, az= —Cy/M, as= —Xy/M,
35=*C2/M, aGZ*Xz/M, b1=1/M, b2=1/M, b3 =1/M are the
matrix coefficients.

Contemporary approach to the construction of mathe-
matical models requires its representation in the form of soft-
ware. In this case, there appears a possibility to verify (qua-
litative) adequacy of the created model and to obtain results
of simulation in the digital form. Subsequently they can be
directly used when solving practical tasks in the technology
of machine building. Therefore, the mathematical model
developed forms the basis of the algorithm, by which the
created applied program operates.

Simulation is carried out by numerical method with a
constant integration step (0.000025 s) in the function of data
array by the angular coordinate of the billet’s contour and by
the number of its revolution. Such a structure of algorithm
makes it possible to consider the impact of machining «by
chatter marks». In this case, error from elastic deformations,
which was formed in the billet’s first revolution, is received
by TMS as a change in the assigned parameters of the cut-
ting mode in the next revolution, etc. Mathematical model is
represented through the state variables of system [7], which
makes it possible to carry out its integration by the Runge-
Kutta method of fourth order.

Fig. 2 shows an interface of the applied software during
simulation of the turning process. The initial parameters
of this process are given in the appropriate windows of the
interface. We simulate machining at constant speed of the
spindle — 1000 r/min — line 1 in the oscillograph. TMS,
after the end of transient process, in time 0.06s, which
corresponds to one revolution of the billet, registered the
nondamping self-oscillations: along the Z axis — line 2, along
the Y axis — line 3 and along the X axis — line 4.

In the YZ cross section (Fig. 1, ), such oscillations trig-
ger the motion of cutter top along the ellipsis (line 5), which
confirms qualitative adequacy of the developed mathematical
model. In order to simulate the turning at the variable speed
of the spindle, it is sufficient to select the appropriate option
in the interface. In this case, window 6 provides for a possi-
bility to assign the amplitude and period for changing the
spindle frequency.
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Fig. 2. Interface of the applied software

4. 3. Experimental studies of turning at the SSV control

The applied program developed makes it possible to per-
form simulation of the cutting process at variable frequency
of the spindle. Thus, with the aid of the created program,
we conducted preliminary search for the best period of
change in the spindle speed at the amplitude of 15 % from
the assigned one. We considered the best period being the
one when the time of oscillation damping to the magnitude
of amplitude (1 um), assigned in the program, over the
time of one revolution of the billet, was minimal. Obtained
results (Fig. 3) demonstrated that for the selected range
of change in the cutting depth (H=0.5mm, 0.75 mm and
1 mm), the best one is the period of 1.2 s. Such particular pa-
rameters were set on the CNC rack of the machine tool ST-30
made by HAAS (USA). The rest of the parameters, assigned
in the windows of interface of the applied program (Fig. 2),
also match the conditions for conducting the experiment.
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Fig. 5. Results of the experiments: machining at constant
frequency of the spindle (a — part, b — oscillation spectrum);
machining with SSV (¢ — part, d — oscillation spectrum)

Applying control over the spindle speed in the turning
operation makes it possible to considerably enlarge the re-
gion of steady cutting due to the suppression of regenerative
oscillations, which typically lead to the loss of stability. Fig. 6
shows oscillograms of the TMS oscillations, obtained in the
simulation of cutting process with depth 1.3 mm in the crea-
ted applied program:

Oscillographe

o
=
=}

MP A 4l | i | | ||||| |ﬁ |||

| 500

Spindle speed, rev/min

in the frequency of spindle

In the course of experiments (Fig. 4), we
processed billets 1, fixed in the cartridge, of dia-
meter 30 mm at the length of console 200 mm,
by tool 2 with vibration sensor 3 installed on
it. The machining was conducted both at con-
stant frequency of the spindle (1000 rev/min)
and when applying the SSV option (amplitude
15 %, period 1.2's). Vibrations of TMS at ma-
chining were recorded on the personal computer
with the aid of the applied package LabView.

Results are shown in Fig. 5. They indicate
a considerable decrease in the level of oscil-
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Fig. 6. Oscillations of TMS: @ — machining at constant frequency of the
spindle; b — SSV; 1 — frequency of the spindle; 2 — oscillations of TMS
along the Z axis; 3 — oscillations of TMS along the Y axis; 4 — oscillations

of TMS along the X axis



Oscillograms (Fig. 6) demonstrate that over the identi-
cal time (0.515 s), the system at constant frequency of the
spindle is approaching the loss of stability. Let us note that,
in spite of large rigidity along the X axis (Fig. 2), in this
particular direction the regenerative oscillations lead to the
self-excitation of the system. Switching on the SSV option
with the parameters, specified earlier, leads to the elimination
of regenerative oscillations and to the possibility of ma-
chining with the assigned cutting depth.

5. SSV Discussion of results of examining
the SSV programming

Any control based on the a priori information, first of all,
depends on the adequacy of given information. Programming
of SSV on the machine tool with CNC is related to such
a control. That is why a fundamental difference between the
present study and those conducted earlier is in the applica-
tion of the created model for the turning process by taking
into account oscillations in a 3D space. The model accounts
for the influence of natural feedbacks between the elastic
TMS and cutting process on the change in depth, feed and
cutting speed. For the first time, the effect of machining by
chatter marks is introduced to the model by two directions —
by depth and by feed. In this case, error from the TMS elastic
deformations, which was formed in the first revolution of
the billet, is perceived by TMS as a change in the assigned
parameters for the cutting mode in the next revolution, etc.

Taking into account such representation of the dynamic
behavior of TMS when turning <«by chatter marks», the
mathematical model for this process becomes substantially
nonlinear (seventh order), and modeling is realized by nu-
merical methods on computer. In order to implement the
studies conducted into practice, we proposed a procedure
and original applied software.

Results of simulation of the TMS oscillations by three
coordinates taking into account the effect of machining
«by chatter marks» revealed ambiguity in the influence of
machining parameters and elastic characteristics of TMS on
the development of regenerative oscillations. In a general

case, regenerative oscillations may lead to the self-excitation
of the system along any coordinate. This to a certain extent
explains complexity of eliminating the regenerative oscilla-
tions by traditional methods and proves the need for using
3D models to describing the process of their occurrence.

Experimental testing demonstrated effectiveness of ap-
plying the developed model for determining parameters for
switching on the SSV option on the machine tool ST-30
made by HAAS (USA) in the process of turning,

In future, we plan to perform comprehensive studies for
the purpose of improving adequacy of the model and deve-
loping a technique to search for the optimum parameters in
the SSV programming.

6. Conclusions

1. A mathematical model that we developed for the tur-
ning process considers the TMS oscillations in a 3D space,
along three axes simultaneously, as well as the influence of
machining «by chatter marks» with the aid of functions of
delayed argument. A method for numerical solution of the
compiled mathematical model is proposed, organized in the
form of the algorithm with matrix representation of the
model by state variables and the Runge-Kutta procedure of
integration of 4th order, which is implemented in the applied
software.

2. It is proposed to determine the period of change in the
spindle speed via simulation by the criterion of time mini-
mum of oscillation damping to the established magnitude of
amplitude along all three coordinate axes per one revolution
of the billet. We experimentally confirmed adequacy of the
developed mathematical model and effectiveness of the SSV
method with specified parameters — the amplitude and pe-
riod of change in the spindle frequency.

3. The developed mathematical model and created ap-
plied software make it possible to conduct modeling of the
turning process with a SSV control and, thus, they can serve
as the tool for a technologist-programmer to determine the
best parameters for the law of variation in the spindle velo-
city — amplitude and frequency — in each particular case.
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1. Introduction

Providing the assigned level of roughness of the surfaces
of parts at machining is an important direction of machine
engineering. Surface roughness has an essential effect on the
performance properties of parts. Given this, it becomes clear
why significant attention is paid to studying the microrelief
of the surface of samples both theoretically and practical-
ly. Among the theoretical directions in the studies of the

|DOI: 10.15587/1729—4061.2017.96403|

SPECIAL FEATURES IN THE
APPLICATION OF FRACTAL
ANALYSIS FOR EXAMINING
THE SURFACE MICRORELIEF
FORMED AT FACE MILLING

P. Moskvin

Doctor of Physical and Mathematical Sciences, Professor

Department of physics and higher mathematics*
E-mail: moskvin_pp@mail.ru

N. Balytska

PhD

Department of Engineering Technology*

E-mail: aspbali@rambler.ru

P. Melnychuk

Doctor of Technical Sciences, Professor
Department of Engineering Technology*

E-mail: meln_pp@ukr.net

V. Rudnitskyi

PhD, Associate Professor

Department of physics and higher mathematics*
E-mail: org.rva@gmail.com

V. Kyrylovych

Doctor of Technical Science, Associate Professor
Department of automation and computer-integrated
technologies named after prof. B. B. Samotokin*
E-mail: kiril_va@ yahoo.com

*Zhytomyr State Technological University
Cherniakhovskoho str., 103, Zhytomyr, Ukraine, 10005

surface microrelief state, of special interest are the series of
articles that deal with the application of sufficiently new,
nontrivial mathematical methods for analysis of the surface
relief state [1-7]. They include papers on the application of
fractal representations to the description of the self-similar
states, which are formed either naturally, for example, due to
the reflection by the surface of crystallographic properties of
the volume of material of the base layer [8, 9], or due to the
periodic action on the surface of machnining tool [10, 11].




